Meat rabbits could provide a new avenue for agricultural development in South Africa, and flavonoids may be able to improve their live performance. This study investigated the effects of quercetin dihydrate (0 and 2 g/kg feed) on the growth parameters and serum-free triiodothyronine (fT3), free thyroxine, somatotropin, and cortisol levels of growing rabbits. It also provides the first growth and feed conversion ratio (FCR) data for South African New Zealand Whites. Control (Ctrl) and quercetin-supplemented (Qrc) diets were provided to 34 (16 male, 18 female) and 32 (15 male, 17 female) rabbits, respectively, from 5 to 12 weeks old. Live performance was measured weekly, and serum hormone levels were determined at 11 weeks old. Overall, the rabbits performed well for live weight and growth rate, growing from 1052 ± 13.4 g to 3192 ± 45.3 g (5 -12 weeks). Females had higher cortisol levels than males, as found for other species (female = 10.9 ng/mL, male = 3.89 ng/mL). Qrc rabbits tended to have a higher overall FCR than Ctrl rabbits (Ctrl = 3.83, Qrc = 4.01), possibly due to lower feed digestibility, and had smaller sex differences in growth and FCR than Ctrl rabbits, possibly owing to xenoestrogenic activity. They also tended to have higher fT3 levels than Ctrl rabbits (Ctrl = 3.62 ng/mL, Qrc = 4.98 ng/mL), possibly owing to the inhibition of binding to transthyretin. However, it does not seem that the provision of quercetin is commercially justified for improving the live performance of rabbits.
Introduction
Rabbits show great potential in South Africa, not only for large-scale commercial meat production systems, but also for smaller rural development projects (Oseni, 2012) . They can be farmed intensively on small areas of land, are highly prolific, and reach slaughter weight in a short period, resulting in rapid returns on capital investment (Abu, 2008; Oseni, 2012) . Rabbits also grow efficiently on diets with a high-fibre, low grain content, reducing the direct competition with people for feed resources (Finzi, 2000; Abu, 2008) . From a subsistence farmer's perspective, the small size of rabbits allows easy handling by women and children, and reduces the need for cold-storage at slaughter. Relatively simple unsophisticated farming systems can be used, and expensive commercial feeds can be supplemented with locally available forages (Finzi, 2000; Abu, 2008) .
However, as for all intensive livestock industries, rabbit farming faces challenges in terms of shrinking profit margins -which necessitate increasing the efficiency of production -and demands by consumers to produce not only a high quality healthy product, but also one that is environmentally and socially responsible (Verbeke & Viaene, 2000; . This has resulted in bans on the use of antibiotics as growth promotors in animal feeds in Europe, and recommendations from the World Health Organisation that the non-therapeutic use of antibiotics in animals should be limited worldwide. Similar guidelines have been released by authorities in the USA, Canada and Australia (European Commission, 2005; Serratosa et al., 2006; Landers et al., 2012; FDA Centre for Veterinary Medicine, 2013) . These policies of restriction, control, and surveillance also apply to all animal products imported into these regions, and thus affect production in exporting nations as well (Johnson, 2010) . It is therefore necessary for agricultural researchers to investigate alternative natural options, such as flavonoids.
Flavonoids are naturally occurring polyphenolic compounds that are produced by plants as secondary metabolites, and have long been recognised as having extensive pharmacological actions (Havsteen, 2002; Erlund, 2004; Tapas et al., 2008) . Some, which have prominent antimicrobial and antioxidant activities, have been brought to the attention of the livestock industry as potential growth promotors (Erlund, 2004; Tapas et al., 2008) . However, owing to the wide range of bioactivities possessed by these compounds, including mutagenic effects and interactions with hormone systems, the risks of negative effects of supplementation must be considered (Dakora, 1995; Havsteen, 2002; Dos Santos et al., 2011) .
Quercetin is one of the best studied and characterized flavonoids, and is the most widely occurring dietary flavonol (Erlund, 2004) . Livestock feed resources containing quercetin include white clover flowers (Schittko et al., 1999) , trefoil (Reynaud & Lussignol, 2005) , sainfoin (Thill et al., 2012) , members of the Brassicaceae family (Cartea et al., 2011) , sweet potatoes (Park et al., 2016) , apple pomace (Lu & Foo, 1997) , cottonseed meal (Blouin et al., 1981) and sunflower meal (Karamać et al., 2012) . The biochemical activities of quercetin have been found to be extensive. However, in many cases the exact mechanisms of action have yet to be elucidated (Erlund, 2004) . Livestock studies are relatively limited, and studies on poultry have had varying results, with Liu et al. (2014) finding that intermediate levels (0.2 -4 g/kg feed) of supplementation improved feed efficiency and laying rates in hens, but higher levels (0.6 g/kg feed) had a negative effect. Similarly, Goliomytis et al. (2014) found relatively high inclusion levels caused a nonsignificant increase in the feed conversion ratio (FCR) of broiler chickens. While no studies have examined the effects of quercetin on meat rabbit growth parameters, there is evidence of effects on rabbit doe reproductive traits (Naseer et al., 2017) , bone histology (Babosová et al., 2016) and thyrotropin secretion (Kováčik et al., 2015) .
The aim of this study was therefore to provide the first data on the effects of quercetin supplementation on the growth and feed efficiency of growing rabbits, and to investigate its impact on the serum levels of several key hormones. The choice of hormones was based on their relative importance to growth and development and previous findings on the effects of flavonoids on their metabolism. Cortisol is well established as an indicator of chronic stress levels (Möstl & Palme, 2002) , and the antioxidant effects of flavonoids have been suggested to aid in ameliorating the effects of stress (Onderci et al., 2004; Tuzcu et al., 2008) . Flavonoids have also been found to interact with the thyroid hormone system (Narayana et al., 2001) , and thyroid hormones and somatotropin are important for physiological development (Spencer, 1985) .
In addition, this study provides the first reported growth data for South African New Zealand White rabbits, which have been genetically isolated from the rest of the world for approximately 32 years owing to a ban on the importation of rabbits.
Materials and Methods
Ethical clearance for this study was obtained from Stellenbosch University Animal Care and Use Committee (Protocol number SU-ACUD16-00094).
Two diets were tested, namely a control (Ctrl) and a quercetin dihydrate-supplemented (Qrc) treatment diet. The Ctrl diet was formulated to be a complete nutritionally balanced rabbit grower feed (Table 1) . The Qrc diet was produced from this Ctrl diet through the addition of 2 g/kg quercetin dihydrate (Sophorae japonica flower extract, from Chengdu Okay Plant and Chemical Co., Ltd, Qionglai, China). The quercetin dihydrate was added to the feed during initial mixing, prior to pelleting. Neither of the feeds contained coccidiostats, and both feeds were manufactured by Pennville (Pty) Ltd (Pretoria, South Africa).
The total flavonoid content of the two diets was determined colorimetrically. Flavonoid extracts were prepared by sonicating (Power Sonic 405, United Scientific, Cape Town, South Africa) 0.4 g of feed with 10 ml 1% formic acid in 50% methanol for two 15-minute periods, with a 10-min break. The extracts were then centrifuged (Sigma 2-16 K, Wirsam Scientific, Cape Town, South Africa) at 2000 × g for 10 minutes, and the supernatant was filtered using a PES (prefilter) 0.22 µm, 33 mm syringe filter (Agela Technologies, Wilmington, USA). The extract was stored at -20 °C until analysis. The colorimetric assay was performed as described by Herald et al. (2012) , with adaptations. Briefly, 100 µL distilled water, 10 µL 5% sodium nitrite and 10 µL extract or standard were combined in a 2 mL microcentrifuge tube and vortexed. After incubating at room temperature for 5 minutes, 15 µL 10% aluminium chloride was added, and the tube was vortexed and incubated at room temperature for a further 6 minutes. Thereafter, 50 µL 1 M sodium hydroxide and 50 µL distilled water were added, and the tubes were vortexed, prior to centrifuging at 3220 × g for 5 minutes. A 200 µL aliquot of the supernatant was transferred to a clear 96 well microplate (Greiner Cellstar 96-well flat-bottom plate, Sigma-Aldrich, St Louis, USA) and the absorbance at 510 nm was measured (Spectrostar Nano, BMG Labtech, Ortenberg, Germany). The total flavonoid content was determined relative to a quercetin (Sigma-Aldrich, Steinheim, Germany) standard (25-500 µg/mL; y = 0.0007x + 0.0569; R 2 = 0.997) and is expressed as milligrams quercetin equivalents per gram dry matter. The growth trial was carried out at Mariendahl Experimental Farm outside Stellenbosch in the Western Cape, South Africa (33°51'02.9"S 18°49'35.2"E) from August to October 2017, using 66 purebred New Zealand White rabbits. The 31 male and 35 female rabbits were assigned to the two dietary treatment groups according to live weight and litter, such that the litters were split between the treatments and each treatment had a similar average starting weight (Ctrl males 1022 ± 32 g, Ctrl females 1074 ± 24 g, Qrc males 1069 ± 25 g, Qrc females 1042 ± 21 g). The sexes were distributed more or less equally between the dietary treatments (16 Ctrl males, 18 Ctrl females, 15 Qrc males, 17 Qrc females).
At weaning at five weeks old the rabbits were transferred from doe cages in the breeder house to individual grower cages in two grower rooms. To take into account any possible environmental differences between the two grower rooms, the dietary treatments and sexes were distributed evenly in and between the two rooms. The grower cages were constructed from welded wire mesh and were 60 x 60 cm and 50 cm high, with the floors of the cages 1.5 m off the ground. Wood shavings were spread below the cages to absorb urine and were changed whenever necessary.
To reduce the risk of digestive disturbances, the rabbits were provided with a commercial multi-strain powdered probiotic product (Protexin Soluble, Kyron Laboratories Pty Ltd., Johannesburg, South Africa), which was sprinkled on their feed (3 g/kg) from one week prior to weaning until one week after weaning. The experimental feeds were provided ad libitum from the day of weaning until slaughter at 12 weeks old, and fresh water was freely available at all times via automatic water lines supplemented with bottle-based nipple drinkers. Daily feed intake (FI) was determined weekly for each rabbit/cage by assigning a set weight of feed to the cage at the beginning of the week and weighing remaining, refused or spilled feed at the end of the week. All rabbits were weighed individually at the same time each week to determine live weight (LW) and calculate average daily gain (ADG). Feed was not withheld prior to weighing, and LW values thus included the weight of the full gastrointestinal tract. Daily FI and ADG data were used to calculate the (FCR) each week.
A 12L : 12D light regime was used throughout the trial, and artificial ventilation was provided via fans in room A and an air-conditioning system in room B. Temperature and relative humidity were recorded in the two rooms throughout the trial using automatic temperature loggers (LogTag humidity and temperature recorder, Model HAX0-8), with average recorded temperature and humidity in rooms A and B during the growth period being 14.9 ± 0.21 ºC, 72.3 ± 0.96% and 16.4 ± 0.14 ºC, 63.4 ± 0.73%, respectively.
At 11 weeks old 18 rabbits from each dietary treatment (Ctrl and Qrc), consisting of both sexes and distributed throughout the two grower rooms, were selected for blood sampling (8 Ctrl males, 10 Ctrl females, 9 Qrc males, 9 Qrc females). Blood (ca. 5 mL per rabbit) was collected by a trained animal technician from the central ear artery, using Healthcare TM IV Cannula 24 G needles with catheters (Harsoria Healthcare Pvt. Ltd., Haryana, India) and sterile 5 mL syringes (Avacare Health, Johannesburg, South Africa). After withdrawal, the blood was transferred to BD Vacutainer® SST TM II Advance Plus blood collection tubes (Becton Dickinson & Company, New Jersey, USA) for serum separation. To reduce stress and improve the ease of blood withdrawal ca. 200 µL Neurotranq (Virbac RSA (Pty) Ltd, Gauteng, South Africa) was injected into the caudal ear artery using an insulin syringe (Becton Dickinson & Company, New Jersey, USA) prior to blood withdrawal. A Techniplast rabbit restrainer (Labotec, Cape Town, South Africa) was used during the procedure.
The collected blood was allowed to clot at room temperature for at least 30 minutes, before centrifuging at 1000 × g for 15 minutes and transferring the separated serum into 2 mL graduated microtubes (Scientific Specialities Inc., California, USA). The serum was stored at -20 ºC until further analysis.
The free thyroxine (fT4), free triiodothyronine (fT3) and somatotropin (GH) concentrations of the serum samples were determined in duplicate using commercial ELISA (enzyme-linked immunosorbent assay) kits from Elabscience (fT4-E-EL-RB2049, fT3-E-EL-RB0919 and GH-E-EL-RB2030) purchased from Biocom Africa (Pty) Ltd (Centurion, South Africa).
The standard curves used for quantification all had correlation coefficient values above 99.7%. The cortisol concentration of the samples was determined using ultra-performance convergence chromatography tandem mass spectrometry (UPC 2 -MS/MS), as described by Quanson et al. (2016) and Needham et al. (2018) . Briefly, 500 µL serum was combined with 50 µL 0.3 ng/µL cortisol D-4internal standard (Cambridge Isotope Laboratories, Andover, MA, USA) in glass tubes, 1.5 mL tert-methyl butyl ether (MTBE, Sigma-Aldrich, Steinheim, Germany) was added, and the tubes were shaken at 1000 RPM for 10 minutes. After shaking, the tubes were frozen at −80 ºC for 1 hour to remove the aqueous phase and the organic phase was transferred to clean glass tubes. The MTBE was evaporated at 55 ºC under a flow of nitrogen gas before re-suspending in 150 µL 50% methanol (ROMIL, Cambridge, England) and transferring into HPLC vials. The extract was frozen at −20 ºC until analysis.
Chromatographic separation and identification of the extracted compounds was performed as described by Quanson et al. (2016) , using an Acquity UPC 2 system with an Acquity UPC 2 BEH 2-EP (3 mm x 100 mm, 1.7 um) column (Waters Corporation, USA). A cortisol external standard curve (y = 0.04x + 0.007; R 2 = 0.996) with concentrations from 0.05 to 250 ng/mL was used for the quantification of the cortisol content.
The trial used a randomized block experimental design to take into account any environmental differences between the two grower rooms, and the main effects of interest -namely diet, sex and agewere combined in a three-factor factorial structure. Because the rabbits were housed individually, each rabbit served as an experimental unit.
The data were analysed using Statistica version 13 software, with normality being tested with normal probability plots and homoscedasticity assessed with Levene's test. The variance, estimation, precision and comparison (VEPAC) mixed-model function was used with the restricted maximum likelihood (REML) estimation method to determine the significance of the blocks, main effects and second-and third-order interactions for the live performance data. Weaning weight was included as a covariate. In addition to the basic analysis, simple linear regression lines were fitted for each diet-sex treatment group for the live performance data, and the intercept and slope parameters were compared across the diet-sex treatment groups to determine whether significant differences were present.
The R lm package was used to test the significance of the blocks, main effects and interactions for the hormone data, with LW at 11 weeks as a covariate. Pearson's and Spearman's correlation coefficients were calculated for the relationships between the concentrations of the hormones and the daily FI, ADG and FCR at 11 weeks old. The LSD post hoc test was used to compare the individual values of the treatment groups if second-and third-order interactions were found to be significant, for both the live performance and hormone data.
Main effects and interactions with P ≤0.05 were considered significant, whereas those with P ≤0.10 were reported as trends. Values are reported as the LS mean ± standard error of the mean (SEM).
Results
The statistical analysis of the data found that the block effect was relatively limited, with only a single variable, the serum-free T3 concentration (P = 0.01), differing between the blocks.
The rabbits increased (P <0.001) in weight almost linearly during the growth period, from 1052 ± 13.4 g at weaning at 5 weeks to 3192 ± 45.3 g at 12 weeks (Figure 1 ). There was no significant difference in LW between the diet-sex treatment groups at any point, although the variation within and between the groups increased with age. The similarity of growth between the treatment groups is demonstrated by the regression parameters in Table 2 . For ease of interpretation, significant differences (P ≤0.05) between the diet-sex treatment groups are shown weekly, as indicated by the significance letters adjacent to the data points. Error bars show the standard errors of the means Average daily gain decreased (P <0.001) over time, and showed far more variation from week to week and between the treatment groups than LW, as demonstrated by the diet-sex-week third-order interaction (P = 0.001). To simplify the interpretation of Figure 1 , significance has been indicated between the treatment groups only within each time point, as seen at week 6 and 10. The ADG during the first week post-weaning was the most variable, with male Ctrl rabbits growing fastest, female Ctrl rabbits slowest, and Qrc rabbits having similar, intermediate gains. Thereafter, ADG stabilized across the treatment groups and remained relatively similar until 10 weeks old, at which point Ctrl females were growing fastest, Qrc females slowest and the males were intermediate. In terms of the general pattern of ADG, it appeared that the Qrc groups showed less sex-related variation over the growth period, with the latter also being demonstrated by the similar slopes and intercepts of the regression lines for the male and female rabbits in the Qrc group (Table  2) . While the very low R 2 values must be taken into account when interpreting these regression parameters, the poor fit is caused by generally high variation in the data rather than by a non-linear relationship; therefore the parameters probably still have some merit. Voluntary feed intake (VFI) and FCR both increased (P <0.001) with age ( Figure 2 ). Similarly to the LW, there was no difference between the groups in VFI, or the changes in VFI, over the growth period (Table  2) . However, there was a tendency for a third-order interaction for the FCR (P =0.08), and the LSD test found that the treatment groups differed significantly at 6, 10 and 12 weeks old. The variation at 6 weeks was probably simply a reflection of the differences in ADG, as seen in Figure 1 , with the high ADG of the Ctrl males resulting in a low FCR, and vice versa for the Ctrl females. This was also the case at 10 weeks old. At 12 weeks, the continued high ADG of the Ctrl females resulted in a lower FCR for this group, while the Ctrl males and Qrc groups retained similar higher FCR values. As was observed for the ADG, the sex-effect on the FCR over the growth period seemed less for the Qrc than for the Ctrl groups ( Figure 2 , Table 2 ).
Figure 2
Daily voluntary feed intake (VFI) and feed conversion ratio (FCR) from 6 to 12 weeks old of male and female New Zealand White rabbits fed diets supplemented at 2 g/kg with quercetin dehydrate (Qrc) or without (Ctrl) For ease of interpretation, significant differences (P ≤0.05) between the diet-sex treatment groups are shown weekly, as indicated by the significance letters adjacent to the data points. Error bars show the standard errors of the means There were no significant diet-sex interactions for the hormone data and the two main effects were consequently examined individually (Table 3) . Only fT3 levels showed any sign of a dietary influence (P = 0.06), with the Qrc rabbits having higher fT3 concentrations in the serum than the Ctrl rabbits. The cortisol concentration showed a large sex-effect (P <0.01), with female rabbits having much higher serum levels than males. None of the hormones correlated significantly with any of the 11 week live-performance data (Table  4) . However, the Pearson's correlation coefficient between the VFI and serum cortisol concentration tended towards significance (P = 0.08), suggesting a negative relationship between cortisol and feed intake. 
Discussion
The initial comparison of the growth data with values reported for New Zealand Whites in the literature suggests that the rabbits in this study performed well in terms of LW and ADG (Abdel-Samee, 1997; Anous, 1999; Marai et al., 1999; Ondruska et al., 2011; Nasr et al., 2017) . However, their daily FI was similarly high, resulting in FCR values that were comparable with some literature (Marai et al., 1999; Ondruska et al., 2011) but much poorer than those reported for commercial European farms, by Maertens & Gidenne (2016) . This may have been due to their wide use of hybrid-line rabbits rather than New Zealand Whites. However, the high growth rate and relatively high FCR may have been due to the fairly low temperatures during the growth period, as winter conditions improve growth, but increase FCR (Maertens & Gidenne, 2016) . They may also have been linked to the individual housing conditions, as this has been found to increase growth and feed intake . While the effects of feed composition on the FCR cannot be discounted, a comparison of the nutritional value of the feed used in this study (Table 1) with optimum acid detergent fibre (ADF) (16% -17%), neutral detergent fibre (NDF) (31% -33%), and acid detergent lignin (ADL) (>5%) values, and normally used total lipid contents (2% -4%) seems to suggest that this was not a major contributing factor (Maertens & Gidenne, 2016) . Although the ADF level (17.7%) was slightly above the recommended optimum level, the NDF level was within range (31.7%) and the lipid content was towards the higher end of the normal range (3.71%). However, it would be interesting to determine the nutrient digestibility of the feeds.
The patterns of change in the ADG and FCR were as expected, with the growth rate declining and the FCR values increasing as the rabbits matured, the effect on FCR being due to the increase in maintenance requirements and the shift towards fat deposition with age (Pascual et al., 2008; Maertens & Gidenne, 2016) .
As the 6-week ADG represented the growth rate during the first week post-weaning, the significant differences between the diet-sex treatment groups at this age may have been due to variation between the groups in their response to the stress of the weaning process and adaptation to the new housing conditions. It is uncertain why the Ctrl males and females responded so differently to this. While a new relationship between the treatment groups had been established by 10 weeks old, with Ctrl females outperforming the other groups, there were no further differences in ADG up until slaughter. As one could expect, the FCR values followed a similar pattern to those of the ADG (Figure 2) , with Ctrl females having the highest values for week 6, but the lowest for weeks 10 and 12.
Unlike the other growth parameters, FCR showed a tendency towards an effect of diet, with Qrc rabbits having a higher overall FCR than the Ctrl rabbits. This is detrimental from a production perspective, and appeared to be owing to a slightly higher ADG in the Ctrl than Qrc rabbits rather than any difference in VFI. Goliomytis et al. (2014) reported a similar negative effect of quercetin supplementation on the FCR of broiler chickens, and attributed this to nutrient dilution by the increasing quercetin content of the diet. Although this seems unlikely, since that their maximum inclusion level was only 1 g/kg feed, it is possible that it provides an explanation for the results of this study, particularly since a higher inclusion rate was used (2 g/kg). It is also possible that the effect on the FCR was because of a lower digestibility of the Qrc than Ctrl feed, owing to alterations of the composition of the caecal microbial population by the flavonoid. Quercetin is known to exhibit antimicrobial activity, and flavonoids have been found to influence the gut microbiome in human studies (Cushnie & Lamb, 2005; Tzounis et al., 2008) . Alternatively, flavonoids have been found to reduce the in vitro digestibility of proteins and starch in bread through the formation of indigestible complexes with the nutrients, and by inhibiting the activity of several digestive enzymes (Rohn et al., 2002; Świeca et al., 2013) .
The apparent reduction of the effect of sex on ADG and FCR by the supplementation of quercetin is unusual, and does not seem to have been reported for quercetin or any other flavonoid in previous livestock trials. However, there is evidence that some flavonoids act as xenoestrogens, interacting with the sex hormone system by binding with oestrogen receptors and human plasma sex-hormone binding globulin (hSHBG), which is involved in the transport of steroid hormones in the body (Kuiper et al., 1998; Déchaud et al., 1999; Erlund, 2004) . Flavonoids have also been found to influence the activity of some enzymes that are involved in oestrogen, androgen and progestin metabolism (Narayana et al., 2001) . Naringenin, in particular, has been reported to exhibit some anti-oestrogenic activity (Ruh et al., 1995; Kuiper et al., 1998; Déchaud et al., 1999; Erlund, 2004) . This may provide some explanation for the interaction observed in this trial. In a study on heat-stressed rabbit does, Naseer et al. (2017) found that the supplementation of quercetin had a positive effect on the number of ovarian follicles, and the quality of oocytes and granulosa cell apoptosis. However, this was ascribed to the antioxidant effects of the quercetin rather than to a direct effect on the sexhormone system. Considerable further research is necessary not only to confirm the smaller sex differences in Qrc than Ctrl rabbits found in this study, but also to investigate the possible mechanism of action.
Somatotropin plays an important part in the endocrine regulation of growth, stimulating the production of somatomedins, which act as hypertrophic and hyperplastic agents, thereby increasing tissue proliferation (Spencer, 1985) . However, somatotropin exhibits catabolic behaviour, which can complicate the relationship between its serum levels and growth rates. This may explain the lack of effect of dietary treatment or sex on somatotropin levels, as well as the lack of correlation with the ADG.
In contrast to somatotropin, cortisol plays a purely catabolic role in the body, decreasing overall DNA synthesis, suppressing muscle protein synthesis, increasing muscle degradation rates and generally inhibiting growth (Spencer, 1985) . In addition, the corticotropin-releasing factor system, which forms part of the hormonal stress response and ultimately stimulates the synthesis of cortisol, inhibits feed intake (Shibasaki et al., 1988; Richard et al., 2002) . This concurs with the negative Pearson's correlation coefficient found for the relationship between cortisol levels and daily FI (Table 4) , which suggested that intake tended to be lower when the serum cortisol level was higher.
The interpretation of serum cortisol levels is always complicated by the natural circadian variation in the secretion of this hormone (Möstl & Palme, 2002) . Nonetheless, Gunn et al. (2016) found that women had consistently higher cortisol levels than men, throughout the circadian cycle, which supports the current findings that female rabbits had higher cortisol levels than males (Table 3 ). While this difference does not seem to have been reported in rabbits, female rats have been found to have higher baseline corticosterone levels and a number of studies have demonstrated differences in the stress response linked to sex in other species (Kirschbaum et al.,1992; Tilbrook et al., 2000; Green & McCormick, 2016) . The sex-effect on the hypothalamo-pituitary-adrenal (HPA) axis has been linked to circulating androgen and oestrogen levels, with the former decreasing and the latter increasing the HPA axis function (Handa et al., 1994; Green & McCormick, 2016) . It is interesting to note that this sex effect was already present at 11 weeks old in the rabbits in this study.
The only effect of diet on the hormone level was a tendency for Qrc rabbits to have higher concentrations of fT3 than Ctrl rabbits (Table 3) . While this precise effect does not seem to have been found previously in rabbits, the effects of flavonoids, including quercetin, on thyroid hormone metabolism are widely reported (Narayana et al., 2001 ). This effect is generally considered anti-thyroid, with flavonoids inhibiting iodothyronine deiodinase isozymes, iodide organification and thyroid peroxidase enzyme activity, as well as down-regulating the expression of several genes involved in thyroid function, which makes the higher fT3 in Qrc than Ctrl rabbits seem counterintuitive (Formica & Regelson, 1995; Ferreira et al., 2002; Giuliani et al., 2014) . However, flavonoids have been found to inhibit the binding of T3 and T4 to serum transthyretin, resulting in higher proportions of fT3 and fT4, which could provide an explanation for the findings of this study (Kohrle et al., 1989; Lueprasitsakul et al., 1990; Radović et al., 2006) . While the difference in serum fT3 levels did not appear to cause significant differences in growth, it is possible that it may have been linked in some way to the higher FCR and smaller sex differences found for Qrc than Ctrl rabbits. Considering the important role that thyroid hormones play in both growth and feed intake, and the complex and dosedependent catabolic and anabolic effects of these hormones (Spencer, 1985) , further investigation of the total and bound levels of T3 and T4 may be warranted.
Although this study produced interesting results, it was limited in several ways. It would have been preferable, for statistical purposes, to have a larger number of replications for both the growth parameters and hormone levels. In addition, it would have been valuable for a range of inclusion levels of quercetin to be tested, to determine the dose-response of this flavonoid in vivo. Furthermore, determining the levels of other hormones, such as somatomedins and insulin, could have provided a clearer picture of the physiological effects of the quercetin supplementation, as could the determination of the concentrations of total and bound T3 and T4.
Conclusion
From a production perspective, the conclusions of this study are extremely limited. While it is heartening to see the South African New Zealand Whites performing well in terms of growth, improved selection methods and the development of hybrid lines will be necessary to reach international standards of feed efficiency. In addition, the quercetin supplementation did not appear to have any immediately beneficial effects on production performance, and in fact had a detrimental effect on the FCR, possibly by lowering the digestibility of the feed. It therefore does not seem that the provision of quercetin is justified from a commercial perspective, at live performance level at least. Further research is necessary to identify possible causes for the effects found in this study, and to determine whether quercetin supplementation has any effect on nutrient digestibility in vivo.
However, some results may suggest interesting avenues for further investigation. Considering the possible diet effect on sex differences in growth and feed efficiency, it could be of interest to look at the influence of quercetin on the sex-hormone levels in breeding stock. Further work on the interaction of quercetin with thyroid hormone metabolism in rabbits may also be of interest.
In addition, this study has provided some evidence that previously reported sex-differences in the hypothalamo-pituitary-adrenal axis also exist in growing rabbits.
